This study was designed to examine the fixation patterns and kinetics of zinc (Zn) in 28 chelated (Ethylene diamine tetraacetic acid, EDTA) and non-chelated mixed micronutrient 29 systems in semi-arid alkaline soils of the Southern High Plains, US. Soils were characterized 30 for a suite of chemical and physical properties and data obtained from extraction experiments 31 fitted to various kinetic models. About 30% more plant-available Zn was fixed in the non-32 chelated system within the first 14 d with only about 18% difference observed between the 33 two systems by day 90, suggesting that the effectiveness of the chelated compounds tended to 34 decrease over time. The strengths of the relationships of change in available Zn with respect 35 to other micronutrients (copper, iron, and manganese) were higher and more significant in the 36 non-chelated system (R 2 : 0.68-0.94), compared to the chelated (R 2 : 0.20-0.77). Fixation of 37 plant-available Zn was best described by the power function model (R 2 = 0.94, SE = 0.076) in 38 the non-chelated system, and was poorly described by all the models examined in the chelated 39 system. Reaction rate constants and relationships generated from this study can serve as 40 important tools for micronutrient management and for future micronutrient modeling studies 41 in these soils and other semi-arid regions of the world. 
Introduction
The soil, a subject of interdisciplinary study (Brevik, et al., 2015) , has numerous 51 ecological functions, among which is the storage and cycling of plant needed nutrients (Smith 52 et al., 2015) . Micronutrient fixation, a process that leads to the reduction of plant-available 53 portion of micronutrients through its interactions with other soils constituents, limits crop 54 productivity in most part of the world (WHO, 2000) . Plant available portion of micronutrient 55
is generally controlled by a number of factors such as soil organic matter (OM), clay, calcium 56 carbonate (CaCO3), and iron (Fe) oxides contents, as well as pH, aeration status, and 57 interaction with other micronutrients (Dimkpa, et al., 2013; Bindraban et al., 2015) . Reduction 58 in the availability of micronutrient could be more pronounced in calcareous or alkaline soils 59 due to their inherently high pH (Alloway, 2008 ; Havlin et al., 2013) which often results in 60 decrease in solubility of most metals, leading to increased fixation of most micronutrients 61 such as copper (Cu), Fe, manganese (Mn), and zinc (Zn) in soil systems (Sparks, 2003) . For 62 Zn, apart from high pH; free CaCO3, low OM, and texture could also influence the plant- Given the ease of fixation in soil, micronutrients such as Zn are often recommended to 68 be applied in the forms of organic or synthetic chelates to enhance their availability to plants. 69 The chemistry and effectiveness of chelated micronutrient compounds have also been 70 previously documented under certain soil conditions and types (Sekhon, 2003 drying was to simulate field conditions and also provide a medium that will facilitate soil 158 chemical reactions. 159
Extraction procedure 160
Preparation of the DTPA extractant and the extraction procedure used followed the 161 method described by Lindsay and Norvell (1978) . The DTPA extraction technique is the most 162 commonly and broadly used approach for estimating plant-available micronutrient cations 163 such as Fe, Mn, Cu, and Zn (Liang and Karamanos, 1993). In brief, 20 ml of DTPA extracting 164 solution was added to 10 g of air-dried soil sample in a 50-mL plastic tube. All tubes were 165 shaken on a reciprocal shaker for 2 h at approximately 25°C and 180 oscillations per min. 166
Following shaking, the suspensions were centrifuged for 10 min at 4000 rpm and the resulting 167 solutions filtered using Whatman 2 filter papers into 16-mm borosilicate glass tubes. All 168 extractions were conducted in duplicate. All filtrates were analyzed for Fe, Cu, Zn, and Mn 169 using inductively coupled plasma-optical emission spectroscopy (ICP-OES) (iCAP 7400, 170 Thermo Scientific, Waltham, MA) following USEPA Method 200.7 (USEPA-ICP Users 171 Group, 1982) . The calibration of the ICP-OES instrument was performed using calibration 172 standards and routinely checked using a set of second source standards from a different 173 manufacturer. As part of the quality control/quality assurance measures, check samples were 174 inserted after every 20-25 samples and also the relative percentage difference (RPD) between 175 duplicates were examined and 10% set as the acceptance criterion. 176
Statistical analyses 177
Statistical analyses were performed using the Statistical Analysis Software (SAS 9.4, 178 SAS Institute, Cary, NC). Differences among means, where applicable, were examined using 179 The results of the total elemental analysis are summarized in Table 2 Table 4 . Individual soils and 213 depths were examined, however, findings reveal no justifiable differences among the soils 214 worth discussing, thus, the findings are summarized as averages of all soils within a given 215 depth and for both depths. The percent amount fixed was approximated using the differences 216 
Changes in available zinc with respect to other micronutrients 246
The changes in the concentration of plant-available Zn over the experimental period of 247 90 d was compared to those of other micronutrients in both the chelated and non-chelated 248 systems ( Table 5 ). The relationships were examined among individual soil and depth, 249 however, there was no remarkable differences among soils worth discussing, thus, the 250 findings are summarized as averages for the soils at each depth and for both depths combined 251 within each Zn system (chelated and non-chelated). The strengths of the relationships and 252 slope of change between Zn and each of the other micronutrient elements (Cu, Fe, and Mn) 253 were examined using regression analyses. Within each depth, the amount of available Zn 254 positively and significantly changes with each of the other micronutrients, although to a 255 varying degree within the chelated and non-chelated micronutrient systems. Overall, the 256 strengths of the relationships were higher in the non-chelated systems (R 2 : 0.68-0.94) 257 compared to the chelated (R 2 : 0.20-0.77), suggesting less linearity in changes in Zn 258 concentration to those of the other micronutrients in the chelated system. The slopes were also 259 generally higher in the non-chelated systems for each of the relationships examined, 260 suggesting that more Zn will be fixed for each unit of the other micronutrient fixed in the non-261 chelated system. Within each depth in the non-chelated system, the change in available Zn 262 with respect to change in Cu (Zn-Cu) was higher than those of Zn-Fe, and Zn-Mn as 263 evidenced from the slopes of the equation. When both depths were combined for each 264 element, within the non-chelated system, the slopes were 0.90 (Zn-Cu), 0.37 (Zn-Fe), and 265 0.29 (Cu-Zn). Similar relationships were also evidenced in the non-chelated system, although 266 to a lesser strength and some were not significant (Table 5) 
Kinetics of zinc fixation 277
Fixation kinetics of chelated and non-chelated Zn fixation in these soils were further 278 examined by fitting the data obtained from kinetic experiments to various kinetic models. A 279 number of kinetic models (Table 6) Reyhanitabar and Gilkes, 2010). Fixation kinetics were studied within soils and depths, 284 however, the individual examination of soils however did not show justifiable reasons to 285 focus the discussion on the comparison among them, thus, for further examinations, average 286 data points for all three soils were used. 287
The data from Zn kinetic experiments were fitted to the zero, first, second order, and 288 power function models and findings summarized in Table 7 . In all the models, qt represents 289 the amount of DTPA extractable (plant-available) micronutrient in mg kg -1 remaining at time 290 t, in d. Discussions will be concentrated on models derived using data points from both depths 291 averaged across soils because there was no difference of interest between the 0-15 and 15-30 292 cm depths that worth focusing the discussion on. Employing more data points will also 293 enhance the statistical reliability of the evaluation. In the non-chelated system, fixation of 294 available Zn was poorly described by the zero, first, and second order models (R 2 : 0.66 -0.82) 295 but better described by the power function model (R 2 = 0.95, SE = 0.076) (Fig. 1 ). This better 296 fit to the power function model suggest that the fixation of plant-available Zn in this mixed 297 system of non-chelated micronutrients is not linear over the experimental period of 90 days 298 (Fig. 1) , an indication of a more complex reaction type This finding can be related those of 299 Reyhanitabar et al. (2010) who reported the kinetics of DTPA extraction of zinc from 300 calcareous soils was better described by the power function model. Same was the case when 301
Zn was examined in a single system (data not shown). Within the chelated system (Fig. 2) , 302 none of the models examined was able to reasonably describe the reduction of plant-available 303
Zn in these semi-arid soils (R 2 : 0.66 to 0.70), a finding suggesting that the reduction of 304 chelated Zn did not perfectly follow the speculated decay trend in these soils over the 90-day 305 period. Literature search did not yield much information on the fixation kinetics of chelated 306 Zn, thus, further justifying the need for this study. 307
Significance of findings to zinc management 308
The fixation kinetics of non-chelated Zn following the power function model over the 309 zero, first, and second order models, is an indication of a more complex reaction type. 310
Inferences drawn from the short and long-term experiments substantiate the need to apply Zn 311 micronutrient in the chelated form on these semi-arid soils as significantly less chelated Zn 312 was fixed particularly within the first 14 d. Findings also highlighted the importance of timing 313 in Zn micronutrient management in these soils even when chelated micronutrient compounds 314 are used. The simple linear relationships of change in plant-available Zn relative to other 315 micronutrients (Cu, Mn, and Fe) could be used as predictive tools. The kinetic parameters 316 obtained from the kinetic experiments could be used for approximating how much of added 317 Zn micronutrient will be available at a given time, particularly for the non-chelated Zn 318 materials which its fixation was reasonably described by the power function model. 319
Findings from this study provide a basis for developing applications for comparing 320 fixation pattern of Zn to those of other micronutrients in a given soil and also among soils. Of 321 interest, the applications developed from this study provide a basis for a more mechanistic 322 approach to evaluating and comparing the fixation patterns and effectiveness of different 323 micronutrient compounds in any given soil system. A database of the reaction rate constants 324 derived for different Zn micronutrient compounds could be used as a tool for making a more 325 informed decision on Zn management on these semi-arid soils, an application that can be 326 extended to soils of other regions. 327
Conclusions 328
The application of kinetic models to Zn fixation could be used to further the 329 understanding of its chemistry and behavior in the soils of the semi-arid to arid climates. The 330 reduction of plant-available Zn more closely followed the power function models over the 331 zero, first, and second order models in these soils, suggestion a more complex reaction type. 332
Timing is an important practice in Zn management in these semi-arid soils, even when 333 
